Background: Polyphenols are phytochemicals that possess antioxidant and anti-inflammatory properties and improve glucose metabolism in animal experiments, although data from prospective epidemiologic studies examining polyphenol intakes in relation to type 2 diabetes (T2D) risk are inconsistent.
Introduction
Polyphenols is a collective term referring to thousands of plantderived molecules that share a common structure consisting of multiple hydroxyl groups attached to aromatic rings (1) . Of these polyphenols, several hundred are derived from diet and can be largely classified into 4 major groups: phenolic acids, flavonoids, lignans, and stilbenes (1) . A wide spectrum of biological activities is associated with polyphenols in vitro including anti-inflammatory and antioxidant effects that are likely mediated through interactions with a range of cell signaling pathways, such as modulation of transcription factors and the subsequent expression of genes and microRNAs (2) (3) (4) . Results from rodent models have provided corroborative results demonstrating that intake of specific flavonoid subclasses improves insulin resistance, enhances b cell function, and delays diabetes onset (5) (6) (7) .
In contrast to data from animal experiments that suggest beneficial effects of these compounds on lowering diabetes risk, thus far only a limited number of prospective studies have been conducted to examine the associations between consumption of flavonoid subclasses or flavonoid-rich foods and type 2 diabetes (T2D) 12 risk, and findings were inconsistent (8) (9) (10) (11) (12) (13) . In addition, data regarding other major classes of polyphenols, such as phenolic acids, are lacking. The scarcity of data is at least partially due to the complexity in accurately assessing intake of polyphenols from FFQs (1) . Using biomarkers of polyphenol intake is an appealing approach because biomarkers are largely independent of measurement errors that may be associated with self-reported dietary intakes (14) . Flavonoids and phenolic acids that occur in blood or urine as glucuronidated, sulfated, and/or methylated metabolites may serve as promising biomarkers for assessing their intakes (15) , but to our knowledge, these biomarkers have not been studied in relation to risk of T2D.
We previously examined enterolignans, gut microbiota products of dietary lignans, in relation to diabetes risk in 2 wellcharacterized cohorts of US women, the NursesÕ Health Study (NHS) and NHSII (16) . In the current analysis, we aimed to extend this research to metabolites of 3 specific flavonoid subclasses and 2 phenolic acids and evaluated the hypothesis that higher urinary excretions of these polyphenol metabolites are prospectively associated with a lower T2D risk.
Methods
Study population. The NHS cohort was established in 1976 when 121,700 female registered nurses aged 30-55 y living in 1 of 11 US states responded to a questionnaire. A total of 116,430 younger female registered nurses aged 25-42 y were enrolled in 1989 using the same approach, and these women constituted the NHSII cohort. Similar data collection methods and participant follow-up strategies were applied in these 2 cohorts. Follow-up questionnaires are administered biennially to assess and update a multitude of variables, such as body weight and height, demographics, lifestyle practices, history of chronic diseases, and medication use. In addition, in the NHSII, 29,611 participants aged 32-52 y provided blood and urine samples from 1996 to 2001, and in the NHS, 18,743 participants aged 53-80 y provided samples from 2000 to 2002. In both cohorts, the samples were returned to our biorepository via overnight courier and were immediately processed upon arrival and aliquoted into cryotubes, which were stored in the vapor phase of liquid nitrogen freezers at #2130°C. Among participants who provided blood and urine samples, a high follow-up rate of >95% has been maintained.
In both cohorts, we conducted a prospective, nested case-control study of T2D among participants who provided urine samples and were free of self-reported diabetes, cardiovascular disease, and cancer at sample collection. During follow-up through June 2008 (NHS) or June 2007 (NHSII), we prospectively identified and confirmed 1111 T2D cases (NHS: 456; NHSII: 655) and randomly selected 1 control for each case (17) . Cases and controls were matched for age at urine sample collection, month of sample collection, first morning urine (yes or no), race (white or other races), and menopausal status and postmenopausal hormone use (NHSII only). To avoid systematic measurement error, samples of each case-control pair were shipped in the same batch and analyzed in the same run in a random sequence under identical conditions.
The study protocol was approved by the institutional review board of the Brigham and WomenÕs Hospital and the Human Subjects Committee Review Board of Harvard School of Public Health.
Ascertainment of T2D. We sent a validated supplemental questionnaire (18) to those who reported having a T2D diagnosis to confirm/refute the incidence. We used at least one of the following American Diabetes Association 1998 criteria to confirm a self-reported T2D diagnosis: 1) an elevated glucose concentration (fasting plasma glucose $7.0 mmol/L, random plasma glucose $11.1 mmol/L, or plasma glucose $11.1 mmol/L after an oral glucose load), and at least 1 symptom related to diabetes; 2) no symptoms, but elevated glucose concentrations on 2 separate occasions; or 3) treatment with insulin or oral hypoglycemic medication. Only confirmed T2D cases were included in the current study. (14) were administered in 1984 and 1986 in the NHS and in 1991 in the NHSII. Extended FFQs were subsequently sent to participants quadrennially to update diet information. In these FFQs, we inquired about the average consumption frequency of 118-166 food items in the past year with a prespecified serving size for each item. The methodology for the assessment of flavonoid intake was previously described in detail elsewhere (19) . Briefly, we derived intake of each subclass of flavonoids by multiplying the consumption frequency of each relevant food item by its contents of the flavonoids and then summing intake of flavonoids across all food items (8) . We did not estimate the intake levels of phenolic acids because phenolic acids are not currently included in the Harvard food composition database.
Assessment of diet. Validated FFQs
Laboratory measurements. In the current study, we used isotope dilution electrospray ionization orbitrap LC isotope dilution orbitrap MS after hydrolysis with glucuronidase and sulfatase and liquid-liquid extraction (20) to measure 8 metabolites that can be reliably measured in urine samples with reasonable reproducibility: naringenin and hesperetin (flavanones); quercetin and isorhamnetin (flavonols); catechin and epicatechin (flavan-3-ols); and caffeic acid and ferulic acid (phenolic acids). Urinary creatinine excretion was measured with use of a Roche-Cobas MiraPlus clinical chemistry autoanalyzer (Roche Diagnostics). Urinary excretions of polyphenols were adjusted for creatinine excretion in this analysis. The mean intra-assay CV was 22.8% for hesperetin, 9.0% for naringenin, 18.0% for quercetin, 21.5% for isorhamnetin, 24.3% for catechin, 13.6% for epicatechin, 10.5% for caffeic acid, 11.5% for ferulic acid, and 5.6% for creatinine. We observed higher interassay CVs compared to intra-assay CVs and thus used conditional logistic regression to model associations of interest to minimize the impact of high interassay CVs.
In a pilot study, we evaluated within-person stability of the polyphenols and calculated intraclass correlation coefficients (ICCs) between excretions in 2 urine samples collected 1-2 y apart from 58 NHSII participants. The ICCs ranged from low (0.03 for epicatechin, 0.10 for hesperetin, 0.11 for catechin, 0.13 for naringenin, 0.22 for isorhamnetin, and 0.35 for quercetin) to moderate/high (0.40 for caffeic acid and 0.87 for ferulic acid). Of note, as the timing of urine sample collections was likely independent of diet before the collections in these participants, the ICCs incorporated extraneous variability in polyphenol excretions resulting from these 2 factors (i.e., diet and timing of sample collection since last meal).
Statistical methods. The missing percentages of covariates were relatively low. In the NHS, the percentage of missing data ranged from 0.1% for physical activity to 1.1% for BMI. In the NHSII, the percentage of missing data ranged from 0.2% for oral contraceptive use to 4.2% for BMI. Given the low percentages of missing data, we replaced missing values with case-control, status-specific medians for continuous variables or combined the missing category with the reference group for categorical variables.
We calculated Spearman partial correlation coefficient (r s ) values among controls from both studies to evaluate the correlations between urinary metabolites of flavonoids and their intake levels. We controlled for age at sample collection, fasting status, smoking status, BMI, physical activity, total calorie intake, and cohort (NHS or NHSII). Because data on dietary intake of phenolic acids were not available, we used linear regression to identify significant food predictors of log-transformed levels of metabolites following the stepwise selection algorithm with multivariate adjustment of the aforementioned covariates. We then calculated r s values between metabolites and their food predictors.
We categorized the study population into quartiles according to the distribution of polyphenol excretions among controls. We used conditional logistic regression, in which matching factors are accounted for and data from matched case-control pairs are analyzed in the same strata, to model the associations of interest (17) . To control for confounding, we adjusted for BMI, smoking status, physical activity, alcohol use, oral contraceptive use (NHSII only), postmenopausal hormone use (NHS only), family history of diabetes, history of hypercholesterolemia or hypertension, and the Alternative Healthy Eating Index score as a marker of overall diet quality (21) . P values for linear trend were calculated by entering an ordinal score based on the median value in each quartile of metabolite levels into the multivariate models.
We used restricted cubic spline regressions with 3 knots to model potential dose-response relations (22) . Tests for nonlinearity were based on the likelihood ratio test, comparing the model with only the linear term to the model with the linear and the cubic spline terms. The low ICCs observed in the pilot study suggested that a single measurement of the metabolites would unlikely reflect long-term cumulative averages of polyphenol intake, which are able to incorporate changes of polyphenol intake over time (23) . We, therefore, explored the possibility that the metabolites may be more strongly associated with diabetes in early follow-up rather than in the entire follow-up. We used the likelihood ratio test to evaluate the significance of interaction terms between metabolite excretions and length of follow-up. In this analysis, to maximize statistical power, we chose median follow-up as the cutoff point to define early vs. later follow-up. Lastly, we pooled individuallevel data from the 2 cohorts in these analyses while maintaining the matched case-control pairs by using conditional logistic regression to leverage on the full range of metabolites and also to increase the statistical power.
All P values were two-sided, and type I error was set to be 0.05. Data were analyzed with the Statistical Analysis Systems software package, version 9.3 (SAS Institute, Inc.).
Results
Characteristics of study participants assessed with use of baseline questionnaires (NHS, 1998; NHSII, 1995) are shown in Table 1 . A notable difference between the 2 cohorts was the older age at urine sample collection in the NHS (mean: 66 y) than in the NHSII (mean: 45 y).
We examined the intercorrelation among individual metabolites in controls (Supplemental Table 1 ). As expected, metabolites of the same class of polyphenols or within the same metabolic pathway were generally correlated with each other, and this pattern was consistent in both cohorts. For example, r s values were 0.72 between the flavonols (quercetin and isorhamnetin) and 0.56 between the flavanones (hesperetin and naringenin) in both cohorts; the r s value was 0.55 (NHS) or 0.56 (NHSII) between the phenolic acids (caffeic acid and ferulic acid). For the flavan-3-ol metabolites catechin and epicatechin, the correlation was 0.54 in the NHS and 0.68 in the NHSII.
We observed modest yet significant correlations between intakes of flavonols, flavanones, and flavan-3-ols and the metabolites of these flavonoid subclasses (Supplemental Table 2 ). For example, we observed an r s value of 0.21 for hesperetin, 0.11 for naringenin, 0.15 for quercetin, and 0.10 for isorhamnetin. Urinary excretions of catechin and epicatechin were also significantly correlated with various dietary flavan-3-ols, especially dietary epicatechin and proanthocyanidins (r s values of 0.12-0.15). Several significant food predictors were identified for phenolic acids among controls. The strongest relation was identified between coffee consumption and phenolic acid metabolites; the r s value was 0.20 for caffeic acid or 0.24 for ferulic acid. Of note, hesperetin excretion was correlated with citrus fruit/juice (r s value = 0.19); quercetin and isorhamnetin excretions were correlated with kale intake (r s values = 0.12 and 0.10, respectively); and epicatechin excretion was correlated with chocolate intake (r s value = 0.11). Other correlations between metabolites and their main food sources were weaker. Table 2 presents associations between the metabolites and diabetes risk in the 2 cohorts combined. In the crude model accounting for matching factors, urinary excretions of hesperetin and caffeic acid were associated with a lower T2D risk, whereas other markers were not consistently associated with T2D risk. Further adjustment for diabetes risk factors, especially BMI, attenuated these associations, although the top 2 quartiles of hesperetin remained significantly associated with a lower diabetes risk: ORs (95% CIs) were 0.65 (0.47, 0.90) and 0.68 (0.49, 0.96), respectively, although the linear trend test (P-trend: 0.30) was not significant. Cohort-specific associations between individual metabolites and diabetes risk are presented in Supplemental Table 3 ; the associations generally did not differ by cohort.
Because of the low within-person stability of the metabolites, we explored whether these markers were associated with diabetes incidence during earlier follow-up rather than longerterm follow-up. Figure 1 demonstrates that, in general, metabolites of flavanones or flavonols tended to be associated with lower diabetes risk in early follow-up, whereas in later follow-up no association was observed. We observed a significant interaction between follow-up time and combined levels of flavanone markers (naringenin and hesperetin) (P-interaction: 0.04) and total flavonol markers (quercetin and isorhamnetin) (P-interaction: 0.03). Comparing extreme quartiles of flavanone metabolites, the ORs (95% CIs) were 0.61 (0.39, 0.98; P-trend: 0.03) during the first half of the follow-up period (#4.6 y) and 0.97 (0.60, 1.56; P-trend: 0.56) thereafter. The ORs were 0.55 (0.33, 0.92; P-trend: 0.04) and 1.25 (0.78, 2.01; P-trend: 0.27) for flavonol markers during early and later follow-up periods, respectively. Caffeic acid excretion was also associated with significantly lower T2D risk during early follow-up only (OR: 0.52; 95% CI: 0.32, 0.84; P-trend: 0.03 vs. OR: 1.01; 95% CI: 0.61, 1.64; Ptrend: 0.64 for later follow-up), although the interaction test was not significant (P-interaction: 0.34). Associations for individual flavanone and flavonol metabolites by follow-up length are presented in Supplemental Figure 1 . We did not observe significant associations for the other measured metabolites during either period (data not shown). These associations did not materially change when the analysis was restricted to participants who provided first-morning samples (86.9%; data not shown).
We subsequently explored whether there was a dose-response relation for the association of flavanone and flavonol markers with diabetes risk during early follow-up. We detected a significant linear relation between the metabolites of both subclasses and diabetes risk, with P values for linearity of 0.01 and 0.02, respectively (Figure 2) . In addition, we also observed a significant linear relation between caffeic acid and diabetes risk, with a P for linearity of 0.03. We estimated that for each SD increment of logtransformed flavanone metabolites (SD = 1.8), the OR was 0.81 (95% CI: 0.68, 0.95). The corresponding OR was 0.79 (95% CI: 0.66, 0.96) for flavonol markers (SD = 1.4) and 0.82 (95% CI: 0.68, 0.98) for caffeic acid (SD = 1.0). Dose-response relations for individual metabolites of flavanones and flavonols are presented in Supplemental Figure 2 . 4 Among postmenopausal women only. 5 Among premenopausal women only. 6 One cup equals 237 mL. 7 Values are medians (IQRs).
Discussion
In this large, prospective investigation among 2 cohorts of US women, we observed, for the first time, that several specific flavonoid metabolites, including flavanones (hesperetin and naringenin) and flavonols (quercetin and isorhamnetin), as well as the endogenous phenolic acid metabolite caffeic acid, were associated with a 39-48% lower T2D risk primarily in early follow-up, but not during more distant follow-up. The lack of long-term associations is probably due to the substantial within-person variability of these metabolites in spot urine samples, which renders the urinary concentrations less likely to represent long-term intakes. These associations were independent of established demographic, lifestyle, and dietary risk factors of T2D. Other metabolites, including flavan-3-ols and ferulic acid, were not associated with diabetes risk during either period. Using a panel of urinary metabolites of polyphenols to examine associations with diabetes risk is a unique strength of 3 Based on model 1, model 2 was further adjusted for BMI (kg/m 2 ), smoking status (current smoker, past smoker, nonsmoker), oral contraceptive use (never used, past user, current user; NHSII only), use of hormone replacement therapy (yes or no; NHS only), physical activity (metabolic equivalents, h/wk), alcohol use (abstainer, ,5.0 g/d, 5.0-14.9 g/d, $15.0 g/d), family history of diabetes (yes or no), history of hypercholesterolemia or hypertension (yes or no), and Alternative Healthy Eating Index score. 4 The unit was mmol/g creatinine.
our study. Because of the variability in the actual polyphenol contents of a given food (1, 24) , questionnaire assessments of polyphenol intake are inevitably subject to measurement errors. The assessments are further complicated by the wide variation in the bioavailability of parent polyphenol compounds (1) and between-individual variation in absorption and metabolism of the polyphenols (25) . Overall, these challenges mean that estimated intake levels are not necessarily reflective of the exposure to bioactive compounds, whereas the metabolites may more likely reflect tissue exposure to polyphenols (26) . Our investigation was subject to several limitations. First, the half-lives of most flavonoids are very short, ranging from several hours to less than a day (27) . Random errors in terms of reflecting usual metabolite levels are, therefore, substantial in the current investigation, in which we only quantified the metabolites in single spot urine samples. These random errors may subsequently reduce the statistical power for detecting a significant association and may partially explain some of the null associations such as those for flavan-3-ol metabolites. Use of multiple assessments of the metabolites preferably in 24-h urine samples over time would be a more desirable approach. Interestingly, previous studies also documented meaningful correlations between 24-h urine samples and spot urine samples for excretions of certain polyphenol metabolites, e.g., quercetin (r s values = 0.40-0.60) and hesperetin (r s values = 0.50-0.57) (28) . In addition, correlations with fruit and vegetable intake were largely similar for these 2 types of urine samples (29) . Second, the polyphenol metabolites examined in the current study were limited to selected, well-validated metabolites, and we did not further distinguish the forms of a given polyphenol metabolite. Future studies are warranted to extend this research to identify and examine other polyphenol metabolites. Third, although we controlled for a wide range of established diabetes risk factors, including dietary factors, the possibility of residual confounding still exists. Fourth, we cannot exclude the possibility that some of our findings were due to chance, especially the temporality pattern for the associations of flavanones, flavonols, and caffeic acid. In addition, the choice of median follow-up as the cutoff for defining proximate vs. remote follow-up is arbitrary. Lastly, these findings may not be generalizable to populations with different background polyphenol intake levels or to those with differences in absorption or metabolism.
To our knowledge, the current study is the first investigation that prospectively examined urinary metabolites of flavonoids and phenolic acids in relation to T2D risk. Data for polyphenol intake and long-term risk of cardiovascular disease and cancer are accumulating (30, 31) . In contrast, existing evidence for dietary polyphenols and T2D risk is fragmentary and mostly limited to flavonoids. Using data from the NHS and NHSII cohorts and the male Health Professionals Follow-up Study, we observed an inverse association between anthocyanin intake and diabetes risk (8) . These findings were in line with an early Finnish study (9) but not with results from the Framingham Offspring cohort, the Iowa WomenÕs Health Study, or the EPIC-InterAct Study (10, 12, 13) . None of these nor other studies (11) documented beneficial effects of other flavonoid subclasses, FIGURE 1 ORs (95% CIs) of type 2 diabetes according to duration of follow-up in the NHS and NHSII. Multivariate conditional logistic regression models were adjusted for the same set of covariates as used for model 2 in except that in the Framingham Offspring cohort an inverse association for flavonols was reported (12) , and in the EPIC-InterAct Study flavonols and flavan-3-ols were associated with a lower T2D risk (13) . The discrepancies could be partially explained by differential measurement error associated with the incomplete representation of food sources on the questionnaire or limitations of food composition databases (8) . In contrast, controlled randomized clinical trials, in which the intake levels are more precisely quantified, provide evidence for beneficial effects of flavonoid intakes on diabetes risk factors. For example, in a long-term (1 y) randomized controlled trial, Curtis et al. (32) reported that flavan-3-ol and isoflavone supplementation (950 mg/d) significantly improved insulin resistance among postmenopausal T2D women. These data are consistent with those from short-term trials of flavan-3-ols or their food sources (33) . Moreover, 2 crossover controlled trials also demonstrated beneficial effects of flavanones on alleviating endothelial dysfunction and inflammation (34, 35) . Until recently, food composition databases included little information on phenolic acids, which may explain the lack of studies in relation to diabetes risk. However, studies have examined some of the major food sources of these compounds. For example, consumption of coffee, the major source of chlorogenic acid, was consistently associated with a lower risk of developing T2D in epidemiologic studies (36) . Beneficial effects of coffee consumption on insulin sensitivity and other diabetes risk factors have also been documented in observational and intervention studies (37, 38) .
Mechanisms underlying putative beneficial effects of polyphenols are still poorly understood. Antioxidant effects of polyphenols through scavenging free radicals and chelating metal ions is the most elucidated mechanism in in vitro studies, although such effects have not been consistently demonstrated in vivo (39, 40) . Emerging evidence suggests that polyphenols may suppress inflammation and oxidative stress through multiple mechanisms, including inhibiting enzymes promoting oxidative stress and modulating transcriptional factors or expression of microRNAs involved in inflammation or apoptosis (4, (41) (42) (43) (44) . Moreover, results from several animal studies suggest that flavonoids may improve glucose metabolism through multiple pathways, involving promotion of insulin secretion, preservation of b cell function, improvement of glucose metabolism in multiple organs, and other pathways (45) . Likewise, chlorogenic acid, and its metabolites, may improve glucose tolerance by delaying glucose absorption, increasing glucose uptake in peripheral tissues, and decreasing hepatic glucose output (27, 37) . Further mechanistic studies on the effects of polyphenols, specifically their functional metabolites, on glucose metabolism are needed.
In summary, to our knowledge, this prospective investigation conducted in 2 cohorts of US women demonstrates for the first time that urinary excretions of select polyphenol metabolites, including flavanones, flavonols, and caffeic acid, are associated with lower risk of developing T2D and that the associations are time-dependent, probably owing to the apparent within-person variability of the metabolites in spot urine samples. These novel findings are complementary to the growing knowledge on the effects of polyphenol intake on glucose metabolism and diabetes risk. Further prospective research is warranted to evaluate these and other polyphenol metabolites in relation to diabetes risk. AC, AAF, EBR, FBH, and RMvD were involved in data collection of dietary flavonoids or urinary metabolites; AAF measured urinary metabolites using LC/MS; QS, SST, MKT, and RMvD conducted pilot studies for the current investigation; QS, NMW, AP, MKT, FBH, and RMvD provided statistical expertise; and QS analyzed the data, wrote the first draft of the manuscript, and is the guarantor of this investigation. All authors contributed to the interpretation of the results and critical revision of the manuscript for important intellectual content and approved the final manuscript.
